Aromatic amine dehydrogenase was purified and characterized from Alcaligenes xylosoxidans IFO13495 grown on -phenylethylamine. The molecular mass of the enzyme was 95.5 kDa. The enzyme consisted of heterotetrameric subunits ( 2 2 ) with two different molecular masses of 42.3 kDa and 15.2 kDa. The Nterminal amino acid sequences of the -subunit (42.3-kDa subunit) and the -subunit (15.2-kDa subunit) were DLPIEELXGGTRLPP and APAAGNKXPQMDDTA respectively. The enzyme had a quinone cofactor in the -subunit and showed a typical absorption spectrum of tryptophan tryptophylquinone-containing quinoprotein showing maxima at 435 nm in the oxidized form and 330 nm in the reduced form. The pH optima of the enzyme activity for histamine, tyramine, and -phenylethylamine were the same at 8.0. The enzyme retained full activity after incubation at 70 C for 40 min. It readily oxidized various aromatic amines as well as some aliphatic amines. The Michaelis constants for phenazine methosulfate, -phenylethylamine, tyramine, and histamine were 48.1, 1.8, 6.9, and 171 M respectively. The enzyme activity was strongly inhibited by carbonyl reagents. The enzyme could be stored without appreciable loss of enzyme activity at 4 C for one month at least in phosphate buffer (pH 7.0).
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Amine dehydrogenases catalyze the oxidative deamination of amines to their corresponding aldehydes plus ammonia. Since the first report of methylamine dehydrogenase by Eady and Large, 1) various amine dehydrogenases have been purified and characterized from Methylomonas sp., 2) Pseudomonas putida, 3,4) Serratia marcescens, 5) Paracoccus denitrificans, 6, 7) and Alcaligenes faecalis. 8) Among them, methylamine dehydrogenase (MADH) and aromatic amine dehydrogenase (AADH) have been most extensively studied. 1, 2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] MADH has been found in a number of different methylotrophic and autotrophic bacteria, 1, 2, 7, [13] [14] [15] and several genes for MADH have been cloned. [16] [17] [18] [19] [20] [21] [22] MADHs from various bacteria have been shown to be similar in protein structure and nucleotide sequence. All of these MADHs are periplasmic proteins consisting of two large (-subunit) and two small (-subunit) subunits. The -subunit contains the cofactor identified as tryptophan tryptophylquinone (TTQ). 24) In contrast, AADH has been found so far only in Alcaligenes faecalis grown on a medium containingphenylethylamine. 8) Recently, it was reported that the genes for the large and small subunits of AADH have been cloned and that they were homologous to those for the large and small subunits of MADH respectively, 23) although the substrate specificity of AADH is extensively distinct from that of MADH. MADH induced by methylamine is most active toward methylamine and can scarcely oxidize aromatic amines such as -phenylethylamine, tryptamine, or tyramine, while AADH induced by -phenylethylamine is most active toward aromatic amines and not inactive toward methylamine.
In the course of screening useful amine dehydrogenases for the determination of biogenic amines, e.g., histamine, we found amine dehydrogenase activity that y To whom correspondence should be addressed. Tel: +81-52-521-9316; Fax: +81-52-532-5791; E-mail: PXF00674@nifty.ne.jp Abbreviations: AADH, aromatic amine dehydrogenase; MADH, methylamine dehydrogenase; TTQ, tryptophan tryptophylquinone; DCIP, 2,6-dichlorophenolindophenol; PMS, phenazine methosulfate; CBBR-250, Coomassie brilliant blue R-250; NBT, nitroblue tetrazolium catalyzed the oxidation of -phenylethylamine, tyramine, and histamine in the crude extract of A. xylosoxidans grown on a medium containing -phenylethylamine. Due to the substrate specificity of the enzyme, which prefers aromatic amines, this enzyme was thought to be AADH. No report has described the purification and characterization of AADH except from A. faecalis, although it has been reported that AADH genes are present in A. xylosoxidans by DNA-DNA hybridization with AADH genes of A. faecalis. 23) This present paper, then, describes the purification and characterization of AADH from A. xylosoxidans IFO13495.
Materials and Methods
Chemicals. 2,6-Dichlorophenolindophenol (DCIP) was purchased from Nakarai Tesque (Japan) and phenazine methosulfate (PMS) from Wako Pure Chemicals (Japan). Histamine hydrochloride and -phenylethylamine hydrochloride were obtained from Sigma (U.S.A). All other chemicals, including various amines, were of the highest grade available from commercial sources.
Microorganism and cultivation. A. xylosoxidans IFO13495 was purchased from the Institute for Fermentation in Osaka, Japan, and was cultivated aerobically at 30 C for 72 h in a medium (pH 7.0) containing 0.2% -phenylethylamine hydrochloride, 0.5% K 2 HPO 4 , 0.2% KH 2 PO 4 , 0.5% NaCl, 0.01% MgSO 4 . 7H 2 O, and 0.05% yeast extract. After cultivation, the cells were harvested by centrifugation. The precipitated cells were washed once with 10 mM sodium phosphate buffer (pH 7.0) and stored at À30 C until use.
Enzyme assays. Aromatic amine dehydrogenase activity was determined spectrophotometrically at 30 C using the method of Eady and Large, 1) with some modifications. The standard assay mixture containing 1.0 ml of 0.2 M sodium phosphate buffer (pH 7.5), 0.1 ml of 1.49 mM DCIP, 0.2 ml of 5 mM PMS, 30 l of 0.1 M histamine, and an appropriate volume of water was preincubated at 30 C for 5 min. The reaction was started by the addition of enzyme solution (10-20 l) in a total volume of 3.0 ml, and the rate of decrease in absorbance at 600 nm was followed against a blank in which water was added instead of enzyme. One unit of enzyme activity was defined as the amount of enzyme that catalyzed a reduction of 1 mol of DCIP per minute. To study the effects of pH on enzyme activity, 0.1 M GTA buffer (0.1 M 3,3-dimethyl-glutaric acid, 0.1 M Trishydroxymethyl-aminomethane, and 0.1 M 2-amino-2-methyl-1,3-propanediol) with different pH values was used instead of 0.2 M sodium phosphate buffer (pH 7.5). The extinction coefficients of DCIP at various pH values were calculated from the data of Armstrong.
25)
Purification of aromatic amine dehydrogenase. All operations were done below 4 C unless stated otherwise. Frozen cells (18.8 g) obtained from a total volume of 50 liters of the culture medium were suspended in 440 ml of 10 mM sodium phosphate buffer (pH 7.0, buffer A) and disrupted by sonication (Insonator 201M, Kubota, Japan) at 200 W for 30 min (10 min Â 3 times) under cooling. The sonicate was centrifuged. The unbroken cells were resuspended in 60 ml of the same buffer and disrupted again. The supernatant obtained by centrifugation of the sonicate was combined with that obtained by the first sonication. The combined supernatant was filled up to 500 ml with buffer A and retained as a crude extract. The crude extract was fractionated with ammonium sulfate (30-65% saturation). The precipitated protein was dissolved in buffer A and dialyzed thoroughly against buffer A.
The enzyme solution was put on a CM-Sephadex C-50 column (2:5 Â 20 cm, Pharmacia Biotech, Sweden) equilibrated with buffer A. After the column was washed with the same buffer, the enzyme was eluted with a linear 0-0.3 M NaCl gradient in buffer A.
The active fractions were pooled (50 ml) and then concentrated by ultrafiltration using an ultrafilter membrane (Centriplus YM-50, Millipore, U.S.A). The concentrated enzyme solution (5 ml) was put on a Sephadex G-100 column (2:5 Â 70 cm, Pharmacia Biotech) equilibrated with 50 mM sodium phosphate buffer (pH 7.0) containing 0.1 M NaCl. The active fractions were pooled (57 ml) and dialyzed thoroughly against buffer A.
The enzyme solution was put on a SE-Sephadex C-50 column (2:5 Â 23 cm, Pharmacia Biotech) equilibrated with buffer A. After the column was washed with the same buffer, the enzyme solution was eluted with a linear 0-0.2 M NaCl gradient in buffer A. The active fractions were pooled (43.5 ml) and dialyzed thoroughly against 10 mM potassium phosphate buffer (pH 7.0).
The enzyme solution was put on a hydroxyapatite column (2:5 Â 10 cm) equilibrated with 10 mM potassium phosphate buffer (pH 7.0). After the column was washed with the same buffer, the enzyme was eluted with a linear gradient of buffer concentrations (10-250 mM). The active fractions were pooled (50.9 ml). The enzyme was stored in a freezer at À60 C.
Electrophoresis. Polyacrylamide gel electrophoresis (PAGE) in the absence of sodium dodecylsulfate (native PAGE) was done on 7.5% polyacrylamide disc gel and glycine/2,6-lutidine buffer (pH 8.3). 26) After electrophoresis, the proteins were stained with Coomassie brilliant blue R-250 (CBBR-250). Enzyme activity in the gel was detected by staining the gel with 0.1 M sodium phosphate buffer (pH 7.5), 50 mg/l nitroblue tetrazolium (NBT), 130 M PMS, and 1 mM histamine.
PAGE in the presence of sodium dodecylsulfate (SDS-PAGE) was done with a slab of 15% polyacrylamide gel by the method of Laemmli.
27) The proteins were stained with CBBR-250.
Redox cycling quinone staining. Redox cycling quinone staining was done by the method of Paz et al. 28) After AADH was developed by SDS-PAGE, the proteins were transferred from the gel onto an Immobilon polyvinylidene fluoride membrane (Millipore). Quinone was detected by staining the membrane with 2 M potassium glycinate (pH 10) containing 0.24 mM NBT in the dark.
Measurement of molecular mass. The molecular mass of the native enzyme was estimated by gel filtration on a Superdex 200HR (10/30) column (Pharmacia Biotech) equilibrated with 50 mM sodium phosphate buffer (pH 7.0) containing 0.15 M NaCl. The standard marker proteins (Serva, Germany) used were rabbit aldolase (158 kDa), bovine serum albumin (67 kDa), egg albumin (45 kDa), chymotrypsinogen A (25 kDa), myoglobin (17.8 kDa), and cytochrome c (12.4 kDa). The molecular mass of the dissociated subunit was measured by SDS-PAGE, as described above.
Analytical methods. Protein concentration was measured by the method of Lowry et al., 29) with bovine serum albumin as a standard. Absorption spectrophotometry was performed with a Jasco V-550 spectrophotometer (Japan).
N-terminal amino acid sequencing. N-terminal amino acid sequencing of the subunits of AADH was done by Edman degradation in a gas phase sequencer at Biologica (Japan).
Results and Discussion
Purification of AADH The extract of A. xylosoxidans grown on the medium containing -phenylethylamine showed AADH activity, whereas the extract of the cells grown on the medium containing histamine or methylamine showed no activity. Table 1 summarizes the purification procedures of AADH from the cells grown on -phenylethylamine. The enzyme was finally purified 61-fold with a yield of 31%. The specific activity of the purified enzyme was 7.05 units/mg at 30 C, and E
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at 280 nm was determined to be 0.96. The homogeneity of the enzyme was assessed by gel filtration chromatography on Superdex 200HR. The purified enzyme appeared as a single symmetrical protein peak. It showed two protein bands on SDS-PAGE (Fig. 1) . In native PAGE, two protein bands appeared and their positions were identical to those of bands by active staining (data not shown). These bands were observed in both enzymes oxidized with PMS and reduced with histamine, although it appeared that two redox states of the enzyme with different mobilities existed during gel electrophoresis. 30) In the purification step, the enzyme adsorbed on a CMSephadex column at pH 7.0, suggesting that it is a basic protein like MADH from Methylomonas sp. J (pI 9.0), 2) but unlike MADHs from P. denitrificans (pI 4.3) 7) and Methylobacterium extorquens AM1 (pI 5.2), 14) or AADH from A. faecalis (pI 5.2).
11) When the enzyme was stored at 4 C in 10 mM sodium phosphate buffer (pH 7.0), full activity continued for one month at least. The purified enzyme, when stored at À60 C, was found to be fully active for more than three years.
Molecular mass and subunit structure
The molecular mass of the enzyme was determined to be 95.5 kDa by gel filtration chromatography on Superdex 200HR. SDS-PAGE analysis showed that the purified enzyme had two different kinds of subunits, with 42.3 kDa (-subunit) and 15.2 kDa (-subunit) in the molecular mass (Fig. 1) . The -subunit was positive in the quinone redox cycling staining, while thesubunit was negative (data not shown). These results show that the enzyme exhibits a heterotetrameric structure of subunits ( 2 2 ), and that the -subunit contains quinone cofactor. The enzyme was similar to the known MADHs and AADH in its molecular mass and subunit structure. MADHs from P. denitrificans,
7)
Thiobacillus versutus, 13) Methylobacterium extorquens AM1, 14) and Methylophilus methylotrophus W3A1, 15) and AADH from A. faecalis 11) consist of two small and two large subunits with molecular masses of approximately 13 kDa and 40 kDa respectively. In addition, these enzymes possess TTQ as a cofactor in eachsubunit.
NH 2 -terminal amino acid sequences
The NH 2 -terminal sequences of the two subunits of enzyme protein were analyzed with an automated Edman degradation protein sequencer. The N-terminal amino acid sequences of the large -subunit (15 amino acid residues) and the small -subunit (15 amino acid residues) were determined to be DLPIEELXGGTRLPP and APAAGNKXPQMDDTA respectively. These amino acid sequences showed no significant similarity to those of AADH from A. faecalis or MADHs from various bacteria.
Absorption spectrum
The absorption spectrum of the oxidized enzyme showed maxima at 280 and 435 nm (Fig. 2) . The enzyme was reduced by the addition of histamine or sodium borohydride, and the reduced enzyme showed an absorption peak at 330 nm instead of 435 nm. The absorption spectrum of the enzyme was similar to those of TTQ-containing amine dehydrogenases such as MADH and AADH. 2, 7, 8) The spectral change indicates that the quinone component is functionally involved in the oxidation of histamine.
Effects of pH on enzyme activity and stability The enzyme reaction for histamine was measured in 0.1 M GTA buffer with various pH values (Fig. 3A) . The enzyme was most active at pH 8.0. When -phenylethylamine and tyramine were used as substrates, the optimum pHs were also 8.0 (data not shown), similar to those of AADH from A. faecalis.
8) The pH stability of the enzyme was investigated by measuring residual enzyme activity after keeping the enzyme in 0.1 M GTA buffer at various pH values at 30 C for 24 h. As shown in Fig. 3B , the enzyme was stable over a pH range of 5 to 12. The stability of the enzyme at the wide range of pH was comparable to the pH stability of MADHs from Methylobacterium extorquens AM1 (pH 2.6-10.6), 1) Methylomonas sp. (pH 4.4-10.6), 2) and P. denitrificans (pH 3.0-10.5).
7)
Effects of temperature on enzyme activity and stability The enzyme reaction was measured at various temperatures. The enzyme was highly thermophilic, and enzyme activity increased with temperature up to at least 70 C (Fig. 4A) . The heat stability of the enzyme was investigated by measuring residual enzyme activity after incubating the enzyme in 10 mM sodium phosphate buffer (pH 7.0) for 10 min at various temperatures. As shown in Fig. 4B , enzyme activity increased with temperature and showed the highest activity in a temperature range of 50 to 70 C, suggesting that the The absorption spectrum of the oxidized enzyme (solid line) was taken in 10 mM sodium phosphate buffer (pH 7.0) at room temperature. The broken and dotted lines show the spectra after addition of 1 mM histamine and 1 mM sodium borohydride respectively.
conformational change of the enzyme by heating might lead to enzyme activation. The enzyme retained its full activity even with incubation at 70 C for 40 min (data not shown). Above 70 C, the activitiy decreased with increasing temperature. The enzyme activity was lost by 20% at 80 C and 99% at 95 C. These results indicate that the enzyme is more thermostable than AADH from A. faecalis, which retains its full activity on 10 min treatment up to 60 C.
11)
Substrate specificity and kinetic parameter As shown in Table 2 , the substrate specificity of the enzyme was similar to that of AADH from A. faecalis.
8)
Aromatic amines such as tyramine, tryptamine, -phenylethylamine, dopamine, and serotonin as well as histamine were good substrates. Some primary aliphatic monoamines with 3-6 carbons and diamines with 3-6 carbons were also oxidized. The enzyme reacted slowly with spermine and spermidine, but did not react with secondary or tertiary amines, or with amino acids such as histidine, tryptophane, tyrosine, phenylalanine, or lysine. Double reciprocal plots of enzyme activity vs. variable PMS (Fig. 5A) and histamine (Fig. 5B ) con- centrations in the presence of several fixed concentrations of the other substrate yielded groups of parallel lines. This supports a ping-pong mechanism of the reaction. The Michaelis constants (K m ) for phenazine methosulfate and histamine were estimated to be 48.1 and 171 M respectively. The K m value for histamine was lower than those of AADH from A. faecalis (5.6 mM) 10) and MADH from P. denitrificans (1.5 mM). 12) This result may be favorable for the application of the enzyme in histamine detection. K m values of 1.8 and 6.9 M for -phenylethylamine and tyramine respectively were also obtained. These values were comparable to those reported in AADH from A. faecalis (4.5 M for -phenylethylamine and 1.2 M for tyramine). 8) Strong substrate inhibition was observed with aromatic amines such as tyramine, -phenylethylamine, tryptamine, serotonin, and dopamine at higher concentrations, as reported in AADH from A. faecalis. 8, 11) Histamine also caused weak substrate inhibition at concentrations above 1.0 mM.
Effects of various compounds on the activity of AADH
The effects of various compounds on enzyme activity were examined (Table 3) . Carbonyl group-blocking reagents such as semicarbazide, hydroxylamine, and The enzyme (6.2 g) was incubated in 10 mM sodium phosphate buffer (pH 7.0) containing a compound (total 40 l) at 30 C for 10 min, and then enzyme activity was measured under the standard assay condition.
hydrazine strongly inhibited enzyme activity. These results suggest that the active site of the enzyme contains a carbonyl group, such as a quinone cofactor. 1, 8) Chelating reagents and sulfhydryl reagents did not affect enzyme activity.
